Abstract-The paper deals with a modality to perform indirect vector control while considering the iron loss resistance. The control algorithm was conceived starting from the induction motor's mathematic model. Its implementation improves the drive system efficiency. Two cases are presented. In both of them the iron loss resistance is considered, but the first one considers the same value for the rotor time constant, whilst for the second one the rotor time constant is modified. A comparative analysis is made for the mechanic torque, when the speed is lower than the rated value. Through this control algorithm a reduction of the difference between estimated and measured torques while considering the iron loss resistance and a variation of the rotor time constant were realized. dSPACE DS 1104 was used to perform the experimental tests. In the end, tests were performed considering the variation of the magnetizing inductance in the range of speeds higher than the rated one.
INTRODUCTION
The drive systems with induction motors have been used in a wide range of applications in the last two decades, this being encouraged by the advances in power electronics. A permanent concern when realizing a performing drive system of this type addresses the efficiency improvement, which can be reached through the reduction of total losses.
Generally the induction motor's losses can be classified in two categories [1] , [2] : a) main losses: losses through the stator and rotor windings and respectively through iron. b) additional losses (of mechanical nature, associated to ventilation or generated by leakage inductances).
Several methods focusing on efficiency improvement by means of losses reduction were proposed in the specialty literature [3] , [4] for electric drive systems, using various vector control strategies which take into consideration the iron loss resistance [5] , [6] , [7] , [8] .
This paper presents a control algorithm based on indirect vector control in the rotor flux frame while considering the iron loss resistance.
Considering their causes, the iron losses can be classified as losses through hysteresis and respectively through eddy currents. Additional losses can be noticed too, representing (1...2) % from the input power [9] . The specialty literature, when approaching the experiments concerned with the determination of iron losses, reveal a linear dependency of them with the frequency of stator currents. Therefore they can be approximated as constant [8] by the analyzed algorithm.
Our analysis focused on the torque control with features specific to the drive systems. Our final goal was to perform a comparative analysis with respect to the mechanical torques at the motor shaft while considering the iron loss resistance and variation of the rotor time constant.
II. DESCRIPTION OF THE INDIRECT VECTOR CONTROL ALGORITHM CONSIDERING THE IRON LOSS RESISTANCE
In order to perform the proposed algorithm one considered (1...4) related to the stator and rotor voltages written in the rotor flux frame (d,q) based on the mathematic model of the induction motor presented in Fig.1 .
Also were considered (5...8) with respect to the stator and rotor flux. In this model, the iron loss resistance was considered as being in a parallel with the magnetizing inductance.
This solution is very convenient for the rotor flux vector control [7] , [10] . 
The magnetizing flux equations in the rotor flux frame are [11] , [12] : This currents are expressed afterward considering the equations for currents written for the nodes A and B:
where: ω is electrical speed, ω sl is the sleep, L σs and L σr are the stator and respectively rotor leakage inductances, L m is the magnetizing inductance, L s and L r are the stator and respectively rotor inductances, R s and R r are the stator and respectively rotor resistances, R Fe is the iron loss resistance, v ds , v qs represent the stator voltages in d and q axis. λ ds , λ qs , λ dr , λ qr represent the stator (s) and rotor (r) fluxes, i ds , i qs , i dr , i qr ,i dFe ,i qFe represent the stator (s) currents, the rotor (r) currents, the currents corresponding to iron-loss (Fe) resistances in the rotor flux frame.
One can obtain the following formula for the estimated electromagnetic torque when the compensation of iron losses is considered [10] :
Whitout the compensation of iron losses the expression for the estimated electromagnetic torque is: Based on (1...14), a control algorithm for the indirect vector control was conceived (Fig.2) . It takes into account the iron loss resistance and the adaptation of the rotor time constant (the rotor resistance variation) in stationary regime, at speeds lower than the rated value. The scope of this technique is to improve the drive system's performances in this range of speeds for the control of torque. Additionally, in the flux weakening region, the performed control algorithm was modified such as to take into consideration the variation of inductance of magnetizing [13] and the adaptive field weakening [14] . The blocks 1 and 2 from Fig. 2 are responsible for this.
Inside the block used to compute the slip (block 3) the modification of rotor time constant is made starting from:
III. THE EXPERIMENTAL TESTS WITH THE dSPACE PLATFORM
The control algorithm conceived using the block schematic from Fig. 3 was tested using the dSPACE DS 1104 platform. The rated data for the induction motor (IM) used in experiments are: 2 kW, 5.08A, 400 V, 1400 rpm. Tests were made for two different values of the rotor resistance (the rotor time constant adaptation), its influence being important for practical applications (it is well known that a modification in the rotor resistance relative to the rated value can result into errors with respect to the orientation and magnitude of the rotor flux and consequently to the drive system performances). For this aim distinct tests were made for a rotor resistance higher then the rated value (R r =2.2 Ω) with 13%, that is 2.5 Ω. The tests were accomplished for a set of four speeds: 500, 700, 1000 and 1200 rpm. To test the control algorithm, a servomotor (SM- Fig.4 ) supplied by a PWM inverter was used in the schema from Fig. 3 . This system was used to set the rotation speed of the entire drive system. The experiments were made in order to reveal which is the influence of the rotor time constant variation (induced by the rotor resistance variation) over the mechanical torque under the frame of the indirect vector control algorithm presented in Section II, in which the iron loss resistance was considered for speeds lower than the rated value. The reference torque value for the induction motor (IM- Fig.4 ) was imposed by the control algorithm realized using Matlab/Simulink and Sfunction. The mechanic torque was measured with a torque sensor placed between the shafts of IM and SM (Fig.3) . The following results were obtained during the experiments performed at speeds lower than the rated value for a reference torque of 15 Nm. 
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Figs 5...8 depict the waveforms for estimated and measured torques: 1 is used to denote the estimated electromagnetic torque waveforms (computed with 13), 2 and 3 are used to denote the measured torque waveforms for two cases during the experimental tests with dSPACE DS 1104: with the consideration of iron loss resistance and without-(denoted by 2)/with -(denoted by 3) the variation of the rotor time constant. Table I is used for a comparative analysis between the test's results when both methods (with the iron loss resistance and considering or not the variation of the rotor time constant). Considering the results from Table 1 and the torque waveforms form Figs. 5…8, the following conclusions can be drawn:
-the difference between the measured torque (denoted by 2) when considering the rated value of the rotor resistance and respectively the reference torque (15 Nm) is higher than Torque [Nm] the same quantity, calculated when the rotor resistance increase is considered (denoted by 3 in Figs. 5...8) ; -the difference between the torques measured in both situations becomes more significant when the rotor mechanical speed is increased (Figs. 6 and 7) ; -a small difference (lower than 1%) can be noticed between the torque estimated with (13) and the reference value.
The experiments made when considering, respectively neglecting the iron loss resistance revealed an increase of the measured torque at the shaft when this resistance is compensated [15] .
Other experiments were concerned with the influence of the magnetizing inductance (Figs. 9 and 10) .
In order to consider the variations of this inductance, a look-up-table (LUT) was included in the block 2 from Fig. 2 . It provides pairs of values (rotor flux, magnetizing inductance). Fig. 9 depicts the evolution of magnetizing inductance during the transient regime associated to speed increase. Fig.  10 reveals that the reference stator current is stabilized to a value corresponding to the flux from the motor also considering the magnetic saturation influence. In order to analyze the magnetizing inductance variation owing to the magnetic saturation, the drive system speed was increased from the rated value (1400 rpm) up to a higher speed (2000 rpm). At the moment when the field weakening starts, the magnetizing inductance is increased, and after the reaching of the prescribed speed its value is stabilized to the value corresponding to the reference flux.
IV. CONCLUSIONS
Starting from the mathematic equations of the induction motor written in the rotor flux frame one conceived a torque control algorithm in order to optimize the indirect vector control while taking into account the iron loss resistance (for iron losses compensation) and an adaptation of the rotor time constant. The studies and experimental tests were focused on the operation in stationary regime in the zone with speeds lower than the rated ones (four tests were made). Through the iron losses compensation and rotor time constant adaptation a reduction of the difference between the estimated and measured torques were noticed.
The difference between the estimated torque when the iron loss resistance is considered and the reference torque imposed was small (under 1%). When the rated rotor resistance is considered, the difference between the reference torque (15 Nm) and the mean value of the measured torque is high (around 4.7 %). On the other hand, for the proposed algorithm, the difference between the mean value of the measured torque with iron losses compensation and the rotor time constant adaptation (the rotor resistance is higher with 13%) and the reference torque imposed (15 Nm) is significantly smaller (around 3.74 %).
Based on the experiments' results, one can conclude that the consideration of the iron loss resistance and the adaptation of the rotor time constant can increase the value of the mechanic torque at the motor shaft during the torque control for the tested physical model. The experiments performed when the iron loss resistance was neglected and no adaptation of the rotor time constant was done revealed a difference of almost 10% between the values of the measured torque and the reference torque for the analyzed drive system. This difference is practically twice higher than that obtained for the other cases analyzed in this paper. The control algorithm realized and tested by us does not require rotor flux observers, the control strategy being significantly simplified. At the end, the magnetizing inductance evolution in dynamic regime was analyzed, during the acceleration of the entire drive system for speeds higher than the rated ones. In both analyzed cases, the test experiments were made using the dSPACE DS 1104 platform.
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